One outcome of contemporary climate trends is that the involvement of hypoxia and heat tolerance in determining individual fitness will increase in many fish populations. Large fish are believed to be more tolerant to hypoxia than small fish (Nilsson and Östlund-Nilsson, 2008 ) whereas thermal sensitivity is thought to decrease with body size (Clark et al., 2008). To better understand the bases of interindividual variation in environmental adaptation performance, the current study examined hypoxia and heat tolerance in a fast growing (FGS; 288.3 ±14.4 g, 26.04±0.49 cm) and a slow growing (SGS; 119.95±6.41 g; 20.98±0.41 cm) strain of 1-year old rainbow trout (Oncorhynchus mykiss). This examination was conducted using two standardized challenge tests aimed at assessing individual incipient lethal oxygen saturation and incipient upper lethal temperature. Results to these tests were then cross-correlated with swim tests during which individual basal and active metabolic rate values were also measured. Measurements of permeabilized ventricular myofibers oxygen consumption were also conducted, as well as various organ-to-body-mass ratios. Experimental data showed that FGS was more hypoxia tolerant than SGS (13.4 to 16.7% air sat versus 14.7 to 18.9% air sat respectively). On the other hand, FGS was found less tolerant to heat than SGS (24.7-27.6 °C versus 28.5 to 29.7 °C respectively). Adding to the body size effect, another source of inter-individual variation in environmental tolerance was found. Residual analysis highlighted that whereas none of the individual morphometric and energetic traits correlated with hypoxia tolerance, permeabilized ventricular myofibers maximal oxygen consumption correlated well with individual tolerance to heat.
INTRODUCTION 51
Since the beginning of the twentieth century, human population has been growing at an 52 unprecedented rate (Keyfitz, 1989) , causing serious damage to the earth ecosystem and 53 altering global climate (Schneider, 1989) . In the mean time, human activities have 54 concentrated along riverbanks and marine coastlines, making these shallow aquatic 55 ecosystems particularly exposed to anthropogenic influences and eutrophication. As a result, 56 a combination of increased temperature and reduced oxygen availability is currently 57 Unfortunately, predictions about how this may affect their production, dynamics and evolution 61 are largely uncertain. This uncertainty partly result from the extensive intra-specific variation 62 in environmental adaptation ability that is classically observed in fish (Pörtner et al., 2006 ; 63
Claireaux and Lefrançois, 2007). 64 65
Body size is a potential source of inter-individual variability in environmental adaptation 66 performance. Large fish are indeed believed to be more tolerant to hypoxia than small fish 67 (Nilsson and Nilsson, 2008 ) whereas thermal sensitivity is thought to decrease with body size 68 (Clark et al., 2008). However, information about whether a trade-off exists between these 69 traits and how they may scale with body mass is scarce. 70 71 Thus, to better understand the bases of inter-individual variation in environmental adaptation 72 performance, the present study examined some morpho-functional determinants of hypoxia 73 and heat tolerance in fish. This examination was conducted using a methodology based on 74 two standardized challenge tests aimed at assessing individual incipient lethal oxygen 75
saturation (ILOS) and incipient upper lethal temperature (IULT). Results to these tests were 76
then cross-correlated with swim tests during which individual critical swimming speed and 77 standard and active metabolic rates were measured. Measurements of permeabilized 78 ), ∆t the duration of the measurement period (h), VOL resp the volume of the respirometer 153 minus the volume of fish (l) and M is fish body mass (kg). 154
155
Forty eight hours before swim tests were conducted, fish were placed in an acclimation 156 chamber with the same dimensions as the swim chamber. Following this acclimatization 157 period, animals were transferred into the swim-tunnel using a plastic bag filled with water to 158 avoid emersion. Water velocity was set at 10 cm sec -1 , allowing fish to maintain position in 159 the water current. The monitoring of water oxygenation was immediately initiated (sampling 160 rate: 1 Hz). Fish were maintained in the swim tunnel for a total of 3 days. During the first two7 days, fish acclimated to the respirometer and MO 2 was automatically monitored by 162 connecting the water renewal pump (Eheim 1048, Germany) to a timer (Finder 80.91 0240 163 0000, Bever, Belgium). Standard metabolic rate (SMR) was calculated as the mean of the 10 164 lowest MO 2 measured between 00h and 07h during the second night of that period. 165
166
During the third day, fish were submitted to a standardized U crit protocol in order to establish 167 the relationship between metabolic rate and swimming speed. This protocol consisted in 168 increasing water velocity by steps of 10 cm sec -1 every 20 min. At each step the 169 corresponding MO 2 was determined twice using a cycle of 5-min measure followed by a 5-170 min flush (controlled manually). For the calculation of MO 2 , only the last 4 minutes of each 171 measuring period was used. The water velocity at which fish were no longer able to maintain 172 position in the swimming chamber and rested on the posterior screen of the swimming 173 chamber corresponded to the critical swimming speed (U crit ). The corresponding MO 2 was 174 considered to indicate active metabolic rate (AMR). The aerobic metabolic scope (MS) was 175 calculated as the difference between AMR and SMR. To account for the effect of the 176 presence of fish on the velocity of the water in the swimming chamber, U crit values were 177 corrected using the following formula (Claireaux et al., 2006): 178
where cU crit is the corrected maximum swimming speed, U crit the observed maximum 180 swimming speed and ε s is a correction factor. 181
182
The correction factor ε s was calculated as follows: 183
where L is the length of the fish, its width W and height H in cm and the CSA section of the 185 fish in cm 2 and T the tunnel section in cm 2 . A (here 0.8) and B (here 0.5) are coefficients 186 taking into account the chamber geometry and fish shape respectively (Bell and Terhune, 187
1970). 188 189
As soon as U crit was reached, water velocity was quickly reduced to 10 cm s -1 and a recovery 190 period of 1 h was allowed before fish were removed from the swim-tunnel. Background 191 bacterial oxygen consumption was then measured and systematically subtracted from fish 192 MO 2 . To avoid excessive bacterial colonization, the swim tunnel was cleaned with a bleach 193 solution once a week. The oxygen probe was calibrated daily. 194
195

Morphometrics 196
As they were removed from the swim tunnel, fish were sacrificed by cerebral dislocation. The 197 heart ventricle, the liver and the remaining viscera were excised, emptied, wiped on 198 absorbent paper and weighed to the nearest hundredth of a gram. Gill arches were also 199 dissected and gill lamellae carefully collected and weighed. The heart ventricle was placed in 200 an ice-cold dish until processed for myofiberse oxygen consumption measurement (below). were done using student t-test and statistical significance was set to p < 0.05. All statistical 234 analyses were performed using Statistica-9 (Stat Soft). 235
236
RESULTS
237
Although being of the same age, experimental groups displayed a marked difference in body 238 mass distribution (p < 0.01; Fig.2 Fig.3a) . Moreover, marked intra-248 strain variability in individual responses to HCT was observed (Fig.3a) . Time to loss of 249 equilibrium indeed ranged between 180 and 410 min for FGS and between 130 and 280 min 250 for SGS. This corresponded to incipient lethal oxygen saturation (ILOS) ranging from 13.4 to 251 16.7 % air sat in FGS and from 14.7 to 18.9 % air sat in SGS (Fig.3c) . 252 253 Overall, SGS was found more tolerant to heat than FGS (T 50 ≈ 400 versus ≈ 270 min 254 respectively; Cox F-test: p < 0.01; Fig 3b) . As for HCT, response to TCT displayed 255 significant, within strain inter-individual variation (Fig.3b) . However, this variability was more 256 marked for the FGS (160 min between the first and the last fish to lose equilibrium) than for 257 the SGS (30 min). This corresponded to incipient upper thermal limit (IULT) ranging from 258 24.7 to 27.6 °C in FGS and from 28.5 to 29.7 °C in SGS (Fig.3d) . Although fish were allowed 259 a one-week recovery period between consecutive challenges, the possibility of an interaction 260 between performance during HCT and thermal tolerance (TCT) was examined and no 261 significant correlation between ILOS and IULT was found (data not shown). . 262
263
In both strains, active metabolic rate was highly correlated with body mass ( showed that organ-mass-to-body-mass ratios increased as fish got bigger. Mass exponents 281
were quite comparable, ranging from 1.18 for the gills to 1.23 for the gut (Table 2) . 282
283
Analysis of residuals showed that neither organ-to-body-mass ratios, nor metabolic rates 284 (SMR and AMR), nor swimming ability (U crit ) correlated with performance during 285 environmental tolerance tests (HCT and TCT; data not shown). Conversely, maximal oxygen 286 consumption of permeabilized myofibers (cMO 2 ) was found to be inversely related to heat 287 tolerance (p < 0.01; Fig.6 ). However, no correlation between cMO2 and hypoxia tolerance 288 (ILOS) was found (data not shown). 289
290
DISCUSSION 291
The main objective of the present study was to investigate determinants of environmental 292 adaptation ability in a fish population faced with a combination of reduced oxygen availability 293 and increased water temperature. 294 295 Body size and growth rate are obvious sources of inter individual variation. However, 296 preliminary experiments had shown that, within an age cohort, variability in size was too 297 limited to allow scrutinizing the interaction between growth rate and environmental tolerance 298 with sufficient analytical power. To get around this difficulty, two lines of rainbow trout 299 displaying marked differences in size at age were compared. Clearly, the main consequence 300 of choosing this option was the confounding effects resulting from the difference in gene pool 301 between the two strains. Thus, in the present study, inter-strain comparison was specifically 302 aimed at examining the relationship between body size and environmental adaptation 303 performance, whereas intra-strain contrasting targeted size-independent sources of inter-304 individual variation. The degree of inter-individual variation in heat and hypoxia tolerance observed in the present 318 study is worth specific attention. We indeed showed that the elapse time between the first 319 and the last fish to lose equilibrium was approximately 5 h during the hypoxia challenge test 320 Experimental fish were of the same age (1 year) but originated from two different strains, a 333 fast growing strain (FGS; mass = 290 g) and a slow growing strain (SGS; mass = 120 g). 334
Comparison of heat and hypoxia tolerance in these strains showed that individuals from FGS 335 displayed higher tolerance to reduced oxygen availability, whereas those issued from SGS 336 were more tolerant to increased water temperature. For instance, Fig.3 shows that the time 337 required to cull 50% of the population (T 50 ) during HCT was 260 min and 200 min for the 338 FGS and SGS respectively, whereas during TCT, T 50 values were 394 min and 264 min. Also 339 worth noticing is the fact that the range of within strain variation in tolerance to hypoxia and 340 hyperthermia was very similar to that observed at the species level i.e., CV = 7 and 7 % 341 (hypoxia) and 4 and 1 % (temperature) for FGS and SGS respectively. 342
343
Given that our experimental strains had been maintained under identical environmental 344 conditions since hatching, and notwithstanding the genetic aspects discussed above, the 345 most obvious traits liable to explain inter-strain difference in environmental adaptation ability 346 are growth rate and body mass. Growth rate is known to trade off with a number of functions Body mass is also a well recognized determinant of fish environmental adaptation ability. 360
According to the literature, bigger individuals have a higher ability to survive in hypoxic 361 conditions than smaller ones. Nilsson and Nilsson (2008) suggested that whereas the 362 capacity of fish to extract environmental oxygen is independent of body mass, their ability to 363 produce ATP anaerobically increases with size, small fish running out of glycogen or 364 reaching lethal levels of metabolic end-products faster than big ones due to their higher 365 mass-specific metabolic rate. In our study, within strain variation in fish size was too narrow 366 to allow the detecting of any correlation between body mass and hypoxia tolerance. On the 367 other hand, this relationship was found when hypoxia tolerances of FGS and SGS were 368 combined (Fig.3c) . 369
370
The difference in tolerance to heat that we observed between large and small individuals 371 (Fig.3d) 1988; Davie and Franklin, 1991). As discussed above, it is the diffusion of oxygen from the 414 ventricular lumen into the thick-walled ventricle that determines heart working ability and not 415 its aerobic metabolic performance per se (Farrell, 1991) . This predominance of oxygen 416 diffusion in determining cardiac performance is also to be linked with the absence of 417 relationship between cMO 2 and U crit . 418
419
The lack of relationship between organ-to-body mass ratios and SMR is counterintuitive as a 420 higher cost of maintenance would be expected to derive from bigger organ (Wang et growing at a different rate, the two strains followed the same scaling relationships (Fig.4) . 433
This similarity in scaling between strains was also observed when the various organ-to-body-434 mass ratios were considered ( 0.51). U crit is a complex performance trait that involves an aerobic and an anaerobic 457 component. Whereas aerobic energy production by red muscle tissue is predominant at slow 458 speeds, it is gradually complemented by anaerobic metabolism by white muscle at higher 459 speeds. These two components of U crit do not scale in a similar fashion with body mass as 460 aerobic swimming is more affected by body size than anaerobic swimming (Goolish, 1991) . 461
Moreover, anaerobic metabolism contributes a greater proportion of energy requirements to 462 high-speed swimming in large fish than in small fish (Goolish, 1991; Clark et al., 2012). 463
Whether these elements contribute to the observed scaling exponent remains elusive 464 considering our relatively narrow size range. Future research will investigate the allometry of 465 the relative contribution of aerobic and anaerobic metabolism to swimming performance. 466
467
The mass of the heart, liver, gills and gut scaled with body mass with exponents ≥ 1 ( Table  468 2). These values are noticeably high but are in line with the report by Clark et al. (2012) rIULT (°C)
